The O-antigen is a part of the outer membrane of Gram-negative bacteria and is related to bacterial virulence. It is one of the most variable cell constituents, and its structural diversity is almost entirely due to genetic variation of the O-antigen gene cluster. In this study, the O-antigen structure of Escherichia coli O62 was elucidated by chemical analysis and nuclear magnetic resonance spectroscopy, but showing not consistent with the O-antigen gene cluster between conserved genes galF and gnd reported earlier. The complete genome of E. coli O62 was then sequenced and analyzed, and another O-antigen gene cluster was found and characterized that correlated perfectly with the established O-antigen structure. A deletion and complementation experiment confirmed the functionality of the novel gene cluster and demonstrated that the O62-antigen is synthesized by the ABC transporter-dependent system. To our knowledge, this is the first report that the O-antigen gene cluster is positioned at a novel locus in E. coli. Comparative analysis indicated that E. coli O62 likely originated from E. coli O68 via an IS event resulting in the repression of the O68-antigen synthesis, followed by the acquisition of a novel O-antigen gene cluster from Enterobacter aerogenes.
Introduction
Lipopolysaccharide (LPS), a complex glycolipid, is the major component of the outer leaflet of the outer membrane in Gram-negative bacteria (King et al. 2009 ). It consists of three components: lipid A, oligosaccharide core and O-antigen (or O-polysaccharide). The O-antigen consists of oligosaccharide repeats (O-units) , which usually contain two to eight residues of a broad range of both common and rarely occurring sugars and their derivatives. It is subject to intense selection by the host immune system and other environmental factors, such as bacteriophages, which may account for the maintenance of diverse O-antigen forms within a species (Reeves 1995) . Accordingly, the O-antigen confers an antigenic variability on the bacteria due to differences in its sugar and nonsugar compositions, arrangement of the monosaccharide residues and the linkages between them, thus providing the basis for strain serotyping .
The genes involved in O-antigen synthesis are generally within a gene cluster, which in Escherichia coli, Shigella spp., and Salmonella enterica is usually mapped between housekeeping genes galF and gnd (Bastin and Reeves 1995; Liu et al. 2014 ). The observed diversity of the O-antigen forms is mainly due to genetic variations in the O-antigen gene cluster. Most of the genes involved in O-antigen synthesis fall into one of three major classes: nucleotide sugar precursor synthesis genes, glycosyltransferase genes for linking monosaccharides to each other, and O-antigen processing genes (Feng et al. 2004a) . Three different pathways are known for O-antigen synthesis, which are generally named after the proteins involved: the Wzx/ Wzy-dependent pathway, the ATP-binding cassette (ABC) transporter (Wzm/Wzt)-dependent pathway, and the synthase-dependent pathway (Leontein and Lönngren 1993; Bronner et al. 1994; Keenleyside and Whitfield 1996; Daniels et al. 1998; Samuel and Reeves 2003) .
In the Wzy/Wzx-dependent pathway, each O-unit is synthesized by transfer of a sugar phosphate and then sequential transfer of other sugars from the respective sugar nucleotides to the undecaprenyl phosphate (UndP) carrier. This O-unit is flipped across the cytoplasmic membrane while retaining attachment to UndP and is then polymerized to form a polysaccharide chain, which is transferred to the independently synthesized core-lipid A to form LPS (Perepelov et al. 2009; Liu et al. 2010; Knirel et al. 2013 ). This pathway is utilized for the synthesis of the majority of E. coli, Shigella spp., and Salmonella O-antigens studied .
In the ABC transporter-dependent pathway, the O-antigen is synthesized entirely in the cytoplasm on a lipid-linked intermediate. Once assembled, the O-antigen is exported across the inner membrane by a dedicated ABC transporter (Linton and Higgins 1998; Greenfield and Whitfield 2012) . The ABC transporters consist of an integral membrane protein, Wzm, and a hydrophilic protein containing an ATP-binding motif, Wzt. This pathway has been identified in a few serotypes of several bacteria reviewed by Greenfield and Whitfield (2012) .
The only known example of O-antigen synthesis by the synthase-dependent pathway is O54 of S. enterica serovar Borreze. The O-antigen assembly by this pathway requires the participation of a polymerizing glycosyltransferase (the synthase), which is also believed to be involved in the export of the O-antigen across the inner membrane (Keenleyside and Whitfield 1996) .
Escherichia coli is a clonal species that includes both commensals and pathogens (Kaper et al. 2004) . Currently, more than 180 E. coli O serotypes are recognized internationally, and in most serotypes, the Wzy/Wzx-dependent pathway is used for the O-antigen synthesis. However, several serotypes (O8, O9, O9a, O52, O60, O89, O92, O95, O97, O99, O101 and O162) are the exceptions, in which the ABC transporter-dependent pathway is known or predicted to be used (Iguchi et al. 2015) . The O-antigen gene cluster in most E. coli strains studied to date is located between galF and gnd; the only exceptions are the O8, O9 and O9a gene clusters, which are located between gnd and hisI (Izquierdo et al. 2003) .
E. coli O62 has been recognized to be related to both enterotoxigenic E. coli (ETEC) and enteroaggregative E. coli (EAEC) groups (Smith et al. 1997; Li et al. 2011) . In this study, we determined the O-antigen structure of E. coli O62 and found that it is not consistent with the O-antigen gene cluster between galF and gnd reported earlier (Liu et al. 2015) . Subsequently, the O62 complete genome was sequenced, and a novel putative O-antigen gene cluster located between two insertion (IS) elements was analyzed and characterized that showed good correlation with the established O-polysaccharide structure. A deletion and complementation test confirmed the functionality of the novel gene cluster and indicated that the E. coli O62-antigen was synthesized via the ABC transporter-dependent pathway. Additionally, comparative analysis suggested that the novel gene cluster was likely acquired by a lateral gene transfer from Enterobacter aerogenes.
Results and discussion
Structure elucidation of the E. coli O62-polysaccharide C NMR spectra of the O-polysaccharide were assigned (Table I) H, 13 C-HMBC experiments, and five sugar spin systems were identified. Based on coupling constant values estimated from the twodimensional spectra, the spin systems were assigned to three Galf residues (A-C) and two residues of Glcp (D and E). The α configuration of units D and E and the β configuration of units A, B, and C were inferred from 13 C NMR chemical shifts (Table I ) compared with published data (Bock and Pedersen 1983, Lipkind et al. 1988 ). The signals for C-2 and C-5 each of units B and C and C-3 of unit A were shifted significantly downfield compared with their positions in the corresponding nonsubstituted monosaccharides (Bock and Pedersen 1983, 13 C NMR spectrum of the O-polysaccharide from E. coli O62. Arabic numerals refer to carbons in sugar residues denoted by letters as shown in Table I . Lipkind et al. 1988) , thus defining the substitution pattern of these sugar residues. Displacements of the signals for C-2,3,4,6 of units D and E were insignificant, and hence, they occupy terminal side-branch positions.
The ROESY spectrum of the O-polysaccharide showed the following correlations between the anomeric protons and the protons at the linkage carbons: . Based on these data, it was concluded that the O-polysaccharide of E. coli O62 has the structure shown in Figure 3 .
The O62-antigen structure does not correspond to the traditional gene cluster between galF and gnd
An O-antigen gene cluster of E. coli O62 (strain F 10524-41) that is located between galF and gnd has been reported (Liu et al. 2015) . The gene cluster contained 11 genes, all having the same transcriptional direction from galF to gnd. includes six nucleotide sugar synthesis genes (rmlBDAC, manC and manB), three glycosyltransferase genes (wekA, wbaC and wfaV), and two O-unit processing genes (wzx and wzy). This genetic region of E. coli O62 is almost identical to the O-antigen gene cluster of E. coli O68 except that an IS1 element occurs at the end of rmlA gene, resulting in a truncated protein ending with an R (arginine) in place of K (lysine), and in comparison with E. coli O68, the last two amino acids are missing (Liu et al. 2015) . It should be mentioned that the O68 gene cluster reported by Liu et al. (2015) differs from that reported by Iguchi et al. (2015) , with the former giving good correlation with the O68 structure (Jiang et al. 2014 ). The products of four genes, rmlB for dTDP-glucose 4,6-dehydratase, rmlD for dTDP-4-dehydrorhamnose reductase, rmlA for glucose-1-phosphate thymidylyltransferase, and rmlC for dTDP-4-dehydrorhamnose 3,5-epimerase, are involved in the biosynthesis of dTDP-L-Rha, the nucleotide precursor of L-Rha (Samuel and Reeves 2003) . Phosphomannose isomerase (ManA), phosphomannomutase (ManB) and GDP-D-mannose pyrophosphorylase (ManC) have been identified for the synthesis of GDP-D-Man, the nucleotide precursor of D-Man, from D-fructose 6-phosphate (Neidhardt 1996) . manA is normally not located in the O-antigen gene cluster (Liu et al. 2008) , and manB and manC are always present at the 3' end of the genetic region between galF and gnd. However, there is no L-Rha and/or D-Man in the O62-polysaccharide (Figure 3) .
The main chain of the O62-polysaccharide is composed of D-Galf residues. The nucleotide precursor of D-Galf, UDP-D-Galf, is synthesized by UDP-galactopyranose mutase (Glf) from UDP-D-Galp (Samuel and Reeves 2003) , but there is no glf gene in the traditional gene cluster. Additionally, although both wzx and wzy genes exist in this genetic region, the O62-polysaccharide contains no N-acetylhexosamine, which is present in all E. coli O-antigens synthesized by the Wzy/ Wzx-dependent pathway (Feng et al. 2004a ). These findings collectively indicate that the genetic region flanked by galF and gnd is not responsible for O62-antigen synthesis, and the O62-antigen gene cluster must be located elsewhere in the genome.
Characterization of the novel putative O-antigen gene cluster
The complete genome sequencing of E. coli O62 (strain G1290) was conducted. After gene annotation, in addition to the genetic region between galF and gnd genes that shares 100% DNA identity to that of F 10524-41 ( Figure 4B ), another novel putative O-antigen gene cluster was obtained and suggested to be responsible for O62-antigen synthesis.
The novel putative O-antigen gene cluster is 6587 bp in length, with 37% GC content, which is lower than the average GC content of the genome (51%), showing consistence with the typical feature of polysaccharide gene loci in Enterobacteriaceae. Six open reading frames (ORFs) with the same transcriptional direction were annotated in the putative O-antigen gene cluster ( Figure 4A , Table II ). Orf1 belongs to the ABC transporter family (PF01061) and shares 28% identity to ABC transporter permease, Wzm, of E. coli O52 The assignment could be interchanged. O62. The corresponding parts of the 1 H and 13 C NMR spectra are displayed along the horizontal and vertical axes, respectively. Arabic numerals before and after oblique strokes refer to protons and carbons, respectively, in sugar residues denoted by letters as shown in Table I . Fig. 3 . Structure of the O-polysaccharide from E. coli O62. (Feng et al. 2004a ). Hydrophobicity analysis indicated that Orf1 is an integral membrane protein with six transmembrane segments, the average number for Wzm proteins. Orf2 belongs to the ABC transporter family (PF00005) and shares 46% identity to Wzt, which has been identified as ATP-binding protein of Pseudomonas aeruginosa PAO1 (Rocchetta and Lam 1997) . The presence of the sequence GRNGAGKS, an ATP-binding protein motif (Walker box), confirms that Orf2 encodes an ATP-binding protein. Therefore, orf1 and orf2 were assigned wzm and wzt, respectively. Glf was first identified in E. coli K-12 as UDP-D-Galp mutase, which converts the pyranose form UDP-D-Galp to the furanose form UDP-D-Galf (Nassau et al. 1996) . Orf3 also belongs to UDP-galactopyranose mutase family (PF03275) and shares 38% identity to Glf of K12. orf3 was therefore named glf. In Klebsiella pneumoniae O1, WbbO was shown to be a bifunctional glycosyltransferase adding the first twosugar repeat unit to the UndPP-GlcNAc acceptor, forming the adaptor region of the O polysaccharide (Guan et al. 2001) . As Orf5 shares 45% identity to WbbO, it is proposed that in E. coli O62, this enzyme initiates O-antigen synthesis by adding one or more sugars to the UndPP-GlcNAc acceptor to form an adaptor region. Accordingly, orf5 was named wbbO. Orf4 shares 28% identity similarity to another glycosyltransferase, WfdJ, involved in the assembly of the O-antigen of Shigella boydii type 3 (Liu et al. 2008 ).
The O-polysaccharides of both S. boydii type 3 and E. coli O62 contain the D-Galf-(β1→5)-D-Galf linkage. Therefore, we propose that Orf4 is a glycosyltransferase responsible for the formation of two 
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D-Galf-(β1→5)-D-Galf linkages in the O62-unit, and orf4 was named wfdJ accordingly. orf6 showed similarity to many other glycosyltransferase genes, and it is reasonable to predict that the product of orf6 catalyses the formation of the remaining D-Galf-(β1→3)-D-Galf linkage in the backbone of the O62-unit. There are two side-chain D-Glcp residues in the O62-antigen, both of which are linked via a α1→2 linkage to the D-Galf residues. These D-Glc residues are evidently attached by enzymes encoded outside of the putative gene cluster, most likely by the products of prophage gtr genes, gtrABC. In Shigella flexneri, the side-branch D-Glc residues are added to the O-polysaccharide by transfer from UDP-D-Glc catalyzed by the enzymes whose genes are on a prophage genome in the chromosome (Allison and Verma 2000) . It has been demonstrated that bacteriophage-mediated glucosylation can modify O-antigens synthesized by the ABC transporter-dependent pathway (Mann et al. 2015) . gtrA and gtrB genes were found on a prophage genome in the chromosome of O62. However, gtrC, the side-branchspecific glucosyltransferase gene, could not be annotated, probably owing to its low identity to homologs. Further analysis shows that one candidate gene (gene ID: g_1130), whose product is assigned as hypothetical protein, is just downstream of gtrA and gtrB, and contains 12 transmembrane domains, showing a typical topological feature of GtrC (Guan et al. 1999) . We therefore predict that g_1130 probably encode GtrC in O62, which need to be further study.
Therefore, the novel putative O-antigen gene cluster is fully consistent with the O62-polysaccharide structure.
Deletion and complementation testing confirmed the functionality of the novel O62-antigen gene cluster
To confirm that the novel gene cluster containing the wzm and wzt genes is involved in the synthesis of the O62-antigen, a deletion and complementation experiment was performed. We replaced wzm with a chloramphenicol acetyltransferase (CAT) gene and observed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) that the wzm-deficient mutant H2707 produced an O-antigenlacking LPS, whereas the wild-type strain G1290 produced normal LPS ( Figure 5 ). The mutation was complemented by the plasmid pTrc99a containing the O62 wzm gene. In contrast, the wzy gene in the genetic region between galF and gnd of E. coli O62 was also inactivated by insertion of a CAT gene, and the corresponding mutant H2708 still produced normal LPS ( Figure 5 ). These results confirmed that the novel O-antigen cluster is responsible for the formation of the O-antigen of E. coli O62 and that the O-antigen is exported across the inner membrane by the ABC transporter. However, we cannot strictly rule out a possibility that other genes located between galF and gnd participate in the synthesis of the O62 polysaccharide. Definitive proof would require deletion of the entire region or introduction of the new locus into a new genetic background.
Reciprocal serological cross-reactivity has been reported for E. coli O62 and O68 (Ewing 1986 ) and was proposed to be a result of a similarity between their O-antigen gene clusters (Liu et al. 2015) . However, our work demonstrated that the O-antigen structures of O62 and O68 are quite different and the O-antigen clusters between these two serotypes share no similarity. Such unexpected crossreactivity has been also observed in some other Enterobacteriaceae strains. For example, the O-antigens of E. coli O87 and Shigella boydii type 2 are serologically closely related. However, their O-antigen structures are quite different and their O-antigen gene clusters show no similarity (Zdorovenko et al. 2015) . Similarly, some Citrobacter strains producing structurally different O-antigens are classified into the same serogroup (e.g., strains of serogroups O7 and O12). It has been proposed that these could be due to the presence of common epitopes on the core region of LPS (Knirel et al. 2002) .
The newly identified O62-antigen gene cluster was likely acquired by lateral gene transfer from
Enterobacter aerogenes
The newly identified O62-antigen gene cluster, along with the downstream gene, was flanked by two types of IS elements, insA and insB ( Figure 4A ). IS elements are known to play an important role in the evolution of the bacterial genome (Ochman et al. 2000; Bennett 2004) , and a combination of two or more IS elements can result in the mobilization of large portions of DNA . In Shigella spp., IS elements can play a role in O-antigen diversification, resulting in the inactivation of genes or the introduction of new genes into the O-antigen gene cluster, both of which may lead to the formation of new O-antigen forms (Liu et al. 2008 ). In the genetic region between galF and gnd, we infer that the IS1 element at the end of rmlA represses the expression of the downstream genes (especially rmlC) instead of rmlA itself, as the mutation only leads to replacement and loss of the last three amino acid residues of RmlA, which has no significant role in the catalytic activity of this protein (Blankenfeldt et al. 2001) . It is proposed that the repression of rmlC disrupts the synthesis of dTDP-L-Rha and, as a consequence, of the O-unit, although the expression of other genes in the locus between galF and gnd may not be affected.
In genomes of Salmonella serogroups A, B and D1, the wzy genes responsible for the linkage between O-units are not located in the O-antigen gene cluster but map far from it . Also in Salmonella O66, the wzy gene has been proposed to be located outside the gene cluster . Another example is Shigella dysenteriae type 1, the O antigen gene cluster of which is derived from the E. coli O148 gene cluster by inactivation of glucosyltransferase gene wbbG amended by acquisition of a plasmidborne galactosyltranferase gene (Feng et al. 2007 ). These findings indicate that genes outside the O-antigen cluster may be involved in the O-antigen synthesis. The case of E. coli O62 studied in this work represents the most extreme example of this concept.
Further analysis showed that the nucleotide sequence of the newly identified gene cluster shares 97% identity with a genetic region of E. aerogenes strain CAV1320. Therefore, it seems likely that E. coli O62 originated from E. coli O68 via the IS1 insertion leading to the repression of O68-antigen formation, followed by the acquisition of a novel O-antigen cluster mediated by its flanking IS elements from E. aerogenes. Figure 4A also shows that several IS elements and foreign genes exist in a peripheral region of the O62 gene cluster, and the upstream and downstream E. coli conserved genes (dsdC and yfdE, respectively) were discovered far away from the gene cluster (approximately 10.8 and 9.9 kbp, respectively). In addition, the novel O62-antigen gene cluster is surrounded by genes showing high homology to those of Citrobacter freundii. The six genes upstream and the eight genes downstream of the cluster share 99% and 100% DNA identity, respectively, with the corresponding nucleotide sequences of C. freundii. This finding indicates that the genetic region between dsdC and yfdF is a recombinant hot spot. Our data provide support for the notion that some O-antigen gene clusters have been assembled recently or have undergone adaptive modifications in a newly occupied niche, and that some new types of O-antigen are probably still forming.
Materials and methods
Bacterial strains, plasmids and primers E. coli O62 strain (lab stock No. G1290) was obtained from the Institute of Medical and Veterinary Science (Adelaide, Australia). All strains, plasmids, and primers used in this study are summarized in Supplementary data, Table I .
Isolation of the lipopolysaccharide and O-polysaccharide
Bacteria were grown to late log phase in 8 L of Luria-Bertani broth using a 10-L BIOSTAT C-10 fermenter (B. Braun Biotech Int., Germany) under constant aeration at 37°C and pH 7.0. Bacterial cells were washed and dried as described previously (Robbins and Uchida, 1962) .
LPS was isolated in a yield of 6% from bacterial cells by the phenol-water method (Westphal 1965) . The crude extract was dialyzed without separation of the layers and freed from nucleic acids and proteins by treatment with 50% aqueous CCl 3 CO 2 H to pH 2 at 4°C. The supernatant was dialyzed and lyophilized.
Delipidation of LPS (107 mg) was performed with aqueous 2% HOAc at 100°C until precipitation of a lipid (3 h). The precipitate was removed by centrifugation (13,000 × g, 20 min), and the supernatant was fractionated by gel-permeation chromatography on a column (60 × 2.5 cm) of Sephadex G-50 Superfine (Amersham Biosciences, Sweden) in 0.05 M pyridinium acetate buffer pH 4.5, monitored with a differential refractometer (Knauer, Germany). A high-molecular-mass O-polysaccharide was obtained in a yield of 36% of LPS mass.
Monosaccharide analyses
An O-polysaccharide sample (0.5 mg) was hydrolyzed with 2 M CF 3 CO 2 H (120°C, 2 h). Monosaccharides were identified by GLC of the alditol acetates on a Maestro (Agilent 7820) chromatograph (Interlab, Russia) equipped with an HP-5 column (0.32 mm × 30 m) using a temperature program of 160°C (1 min) to 290°C at 7°C min −1 . The absolute configurations of the monosaccharides were determined by GLC of the acetylated (S)-2-octyl glycosides as described (Leontein and Lönngren 1993) .
NMR spectroscopy
A polysaccharide sample was deuterium-exchanged by freeze-drying from 99.9% D 2 O and then examined as a solution in 99.95% D 2 O. NMR spectra were recorded on a Bruker Avance II 600 MHz spectrometer (Germany) at 30°C using internal sodium 3-(trimethylsilyl) propanoate-2,2,3,3-d 4 (δ H 0, δ C −1.6) as reference. Twodimensional NMR spectra were obtained using standard Bruker software, and Bruker TopSpin 2.1 program was used to acquire and process the NMR data. A spin-lock time of 60 ms and a mixing time of 150 ms were used in the TOCSY and ROESY experiments, respectively. A 60-ms delay was used for evolution of long-range couplings to optimize the 1 H, 13 C HMBC experiment for coupling constant J H,C 8 Hz.
Genome sequencing and analysis
Genomic DNA was extracted from 1. ) using a DNA extraction kit according to the manufacturer's instructions (Tiangen, Beijing, China). A 20-kbp Single Molecule Real Time (SMRT) bell library was prepared from sheared genomic DNA using a 20-kbp template library preparation workflow. The PacBio RS II sequencing platform (Pacific Biosciences, Menlo Park, CA) was used to conduct SMRT sequencing using C3 sequencing chemistry and the P5 polymerase with 16 SMRT cells.
De novo assembly was performed using the hierarchical genome assembly process 3 (HGAP) workflow. The sequence of the putative O-antigen gene cluster was retrieved by comparing the whole genome sequence to our polysaccharide database and was analyzed in silico as described (Feng et al. 2004b ).
Deletion and complementation experiment
wzm and wzy were replaced with a CAT gene using the phage lambda Red recombination system (Yu et al. 2000) as previously described in detail (Senchenkova et al. 2006) .
To complement the wzm-deficient mutant, wzm of O62 was PCR-amplified from G1290 using the primer pair wln_1755/ wln_1756. The resulting PCR product was cloned into plasmid pTrc99a to generate the plasmid pLW1838, which was then transformed into the mutant bacteria by electroporation.
SDS-PAGE analysis of LPS
SDS-PAGE of LPS was performed as previously described (Wang and Reeves 1994) . Silver staining for visualizing the LPS was performed using the Fast Silver Stain Kit (Beyotime, Shanghai, China) according to the manufacturer's protocol. Imaging was captured using UMAX PowerLook 2010XL-USB (Taiwan province, China) and was analyzed with the software umax.
